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A 961-mc lower-sideband up-converter has been specially designed to

serve as preamplifier for the satellite-tracking radar used in Project Echo*
The amplifier and its power supply are separately boxed and are installed

directly behind the tracking antenna. The amplifier has been functioning

most satisfactorily and has been used in routine manner to track the Echo

satellite from horizon to horizon.

This paper describes the design considerations, and details the special

steps taken to ensure that the amplifier meets the particular system needs of

low noise, absolute stability, insensitivity to temperature fluctuations, and

high input-power level before onset of gain compression.

The satisfactory operation of this amplifier confirms the great potentiality

of parametric amplifiers for stable, low-noise, high-frequency receivers.^

I. INTRODUCTION

The satellite-tracking radar amplifier operates at a center-band fre-

quency of 961 me in a lower-sideband mode and is pumped at 11.7 kmc;

the output frequency of the amplifier is 10.739 kmc. The amplifier is

unconditionally stable and its gain remains constant over long periods.

The over-all noise figure of the amplifier, including the following mixer

and IF stage, is less than l.G db; the gain at center band is 22 db and
the bandwidth is 20 mc. The input power level that reduces the amplifier

gain by 1 db is — 2G dbm.

Since lower-sideband operation is employed, we are dealing with a

regenerative amplifier, which is basically very sensitive to any changes

* Although this equipment was designed and constructed by the Bell System
as part of its research and development program, it was operated in connection
with Project Kcho under Contract NASW-llO for the National Aeronautics and
Space Administration.

t L. U. Kibler has come to similar conclusions in his paper 1 in this issue.
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in circuit impedance and to fluctuations in the power supply. This fea-

ture has often been considered to be a disadvantage of parametric

amplifiers in systems applications. To allay such fears, special precau-

tions have been taken to stabilize the parametric amplifier. In particular,

good isolators are provided to isolate the amplifier from any impedance

fluctuations produced by antenna mismatches. Any fluctuation in the

pump frequency is continuously corrected by an automatic frequency

control, and all components, especially those near the diode, are made

extremely rigid, thereby eliminating the possibility of impedance varia-

tions caused by mechanical vibrations. It is only through such careful

design and engineering that the regenerative device can be, and indeed

has been, made into a stable and reliable amplifier.

The system requirements of Project Echo made it necessary to pay

special attention to the following two points:

(a) The amplifier had to be insensitive to large environmental

changes; this was necessary because the amplifier was installed directly

behind the antenna in order to reduce cabling losses. Otherwise, the

insertion loss of the input circuit would degrade the noise performance

of the system.

(b) The gain-compression characteristics had to be sufficiently good

that, with an input power level of -26 dbm, the gain would be still

within 1 db of the small-signal gain; at the same time, the over-all system

noise figure had to be less than 1.8 db. This compression specification

arose because the maximum possible leakage power from the 960-mc

satellite communications transmitter was about —26 dbm at the radar

receiver station.

It is difficult to construct a filter which has low insertion loss at 961

mc while suppressing a frequency only 1 mc away. If the gain compres-

sion were severe, with an input level of —26 dbm, the amplifier would be

saturated by the leakage signal and the radar signal could not be de-

tected. The power level at which compression sets in can be increased

simply by decreasing the gain of the amplifier.* However, one must pay

a penalty for decreasing the amplifier gain, since the over-all system

noise figure increases through the increased noise contribution of the

mixer and IF stages. The compression problem is thus not optimally

solved simply by decreasing the amplifier gain; it requires a careful

evaluation of the circuit design parameters.

The purpose of this paper is to describe the design consideration and

the performance of the 961-mc amplifier with special emphasis on the

* For this particular amplifier the gain ia almost constant until the output

power reaches about -3 dbm. For example, for a gain of 22 db, the level at which

compression sets in is about —25 dbm.
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precautions taken to ensure that this amplifier met all the system re-

quirements.

II. SPECIFICATIONS

The following were the specifications for the 961-mc preamplifier to

be used with the Project Echo satellite-tracking radar:

Center-band frequency: 961 mc,

Over-all system noise figure: <1.8 db,

Input power level at 960 mc for a gain

compression of 1 db: > — 26 dbm.

The amplifier had to be unconditionally stable, providing constant

gain over minimum periods of an hour. The amplifier also had to be in-

stalled as close as possible to the antenna to reduce the cabling loss from

the antenna to the amplifier.

According to these specifications the amplifier was to be packed in a

small box which would be mounted on the back of the parabolic dish. It

was expected that the temperature of the environment of the amplifier

would vary over a span of 80°F between midsummer and midwinter, and

the performance of the amplifier had to be insensitive to such large en-

vironmental change. The amplifier had also to be insensitive to mechani-

cal vibrations.

III. SELECTION OF MODE OF OPERATION

There are three presently accepted practical modes of operation of

variable reactance communication amplifiers. They are all nondegener-

ate and are, respectively, the upper-sideband, the lower-sideband, and

the reflection types. If a>s is the signal frequency and u>x is either the

upper- or lower-sideband frequency, corresponding to either a positive

or negative resistance device, then the minimum achievable system noise

figures for uncooled systems are

F = 1 -\—- —-^ ( upper-sideband
)

,

cox 290

F = 1 H—- (lower-sideband or reflection).

where T L is the effective temperature of the load; that is, a fiction repre-

senting second-stage noise through the relationship

T L = (F*- 1) 290,

where F« is the noise figure of the second stage.
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The formulae above assume the varactors to be totally noise-free and,

further, that the negative-resistance modes may be operated at infinite

gain. While neither assumption is to be taken too seriously, they permit,

nevertheless, elimination of the upper-sideband device from major

consideration. The load temperature T L may be estimated by an opti-

mistic assumption of 7 db for a mixer IF combination. Assuming a

probable value of o>,/w* of order one-tenth, then with no other considera-

tion of noise sources, this term would account for about l\ db in its

own right.

Both the lower-sideband and the reflection types of amplifier system

have minimum excess temperatures operating at infinite gain condition.

They provide identical noise figures and, at this gain, only the diode

noise terms enter into account. This condition of infinite gain is evi-

dently a singular one and corresponds, in principle, to the situation in

which the diode regenerates its own losses as well as those of the idler-

frequency cavity. Viewing the amplifier back from the idler port, it

corresponds to a zero impedance source, and the idler load must cor-

respondingly be decoupled infinitely if power is to be drawn from that

source. It is little wonder, in the case of infinite gain, that the regenera-

tion requirements of the lower-sideband amplifier require a higher order

of infinity of regeneration than does the reflection type of device, and

that it is by far the more unstable of the two.

As we drop down from the infinite gain condition, the negative source

impedance rises from zero and the coupling coefficient to the load like-

wise rises from zero. The details of the noise sources within the load then

become increasingly significant in determining over-all performance.

The stability situation is ultimately reversed, in that the frequency-

ratio gain available in the lower-sideband converter, in accounting for

the second-stage noise, diminishes the need for regenerative gain over

the reflection device, and the lower-sideband amplifier becomes more

suitable for operation.

There were four reasons why a moderate gain was desired, in contrast

to a very high gain, and which eventually made the lower-sideband

converter the desired choice in system considerations for the Echo

radar

:

1. A reasonably wide bandwidth was desired to avoid frequency sta-

bility problems;

2. Too high a gain leads to compression problems;

3. Very large gain leads to pump stability problems;

4. Antenna mismatches require excessive isolation at high regenerative

gain and noise is introduced through isolator forward loss.
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In the selection of either the reflection or lower-sideband amplifier,

the choice resided in the penalty paid to system noise performance for

finite gain operation. The total system temperature is

7'
sjat — Tamp (G) + Tl

G

In either amplifier type, T L is typically of the order of 1200°K, and a

gain of 20 db is thoroughly adequate to reduce second-stage noise. It

may be shown that 2'am p is well behaved as G decreases from infinity,

and that the increase in system noise temperature from its minimum value

is very nominal.

Assuming a 20-db amplifier gain, Fig. 1 shows (see Appendix A) that

a choice of RJRs = 0.8 (that actually employed) demands a regenera-

NORMALIZED IDLER LOAD IMPEDANCE,
Rs

Fig. 1 — Regenerative gain Gu' of lower-sideband up-convertcr, which is

needed to achieve a total gain On' of 20 db, vs. normalized idler load impedance

Rl/Rs • The regenerative gains are shown for four different dynamic quality

factors Qi , with Qi = 25, 20, 15, and 10.
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LOWER-SIDEBAND
UP-CONVERTER
REFLECTION-TYPE
AMPLIFIER

NORMALIZED IDLER LOAD IMPEDANCE,—

Fig. 2 — Noise figures of lower-sideband up-converter and reflection-type am-
plifier vs. normalized idler load resistance RJRs The curves for the lower side-

band up-converter are shown by solid lines, those for the reflection type amplifier

dashed lines. (Jains are assumed to be the same at 20 db for both amplifiers.

tive gain of about 13 db for the lower-sideband amplifier, almost inde-

pendently of Q* in contrast to the 20 db for the reflection type. Further,

as shown in Fig. 2, the lower-sideband noise figure (see Appendix B) at

RJRa = 0.8, at which it is trivially different from its minimum value,

is significantly less than that for the reflection amplifier for Qi < 25.

The parameters chosen in evaluating the curves of Figs. 1 and 2 are

somewhat arbitrary, but are, nevertheless, typical for amplifiers of the

type under consideration.

It was under the force of the above arguments, considering both sta-

bility and noise, that the lower-sideband amplifier was chosen in prefer-

ence to the reflection type.

* The quality Q is defined in the next section and is a quality factor modified

by the dynamic capacity ratio; R L ia the load impedance; and R s is the diode-

spreading resistance.
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IV. VARACTOR DIODE SELECTION

There are two major requirements in the choice of a varactor diode:

1. It has to have an impedance sensible in magnitude to that of the

generator.

2. It should have a high Q relative to its variable capacity portion.

The first requirement follows from the desire both to achieve reason-

able bandwidth and to avoid large tuning losses in obtaining adequate

interaction with the diode. The second follows from the fact that a

static capacitor, however excellent its Q, cannot provide a basis for

amplification, and its variability must be taken into account. A more

realistic definition is given by2

Q 2C»_CL
'

w 2Go

where C is the static capacitance at the operating point and C\ is the ca-

pacitance associated with first dynamic term of the Fourier expansion of

the time variable charge. The quantity Q is that value conventionally

defined for the static capacitance, and is equal to

o- !

uCoR,

where R„ is the spreading resistance of the diode. This result assumes

other loss mechanisms to be negligibly effective, which is given excellent

confirmation experimentally.3

The choice of the value of C is a most complex one if it is to be done

correctly. Corresponding to a value of C and its quality factor, there

exist generator and load impedances which minimize noise. Transforming

to these impedance levels requires tuning elements which are noise

sources. Since the diode, as a waveguide scatterer, is an unknown from

present analytic considerations, the computation of that value of Co

which minimizes total system noise figure is not now achievable.

The actual selection of the static capacity value is intuitive and

empirical. .Since the capacitive impedance must be of the same order of

magnitude as that of the generator, a first choice of C is that in which

C = x

R

This establishes the range of values of Co , and initial experiments are

performed to range in on an apparently best value. Experience has



1190 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1961

demonstrated the choice to be fairly broad once a proper region has been

found, since the tuning elements contribute but little loss.

The final question in choosing a diode relates to the material of the

varactor. Diode development at this time has gone in two distinct di-

rections in terms of the gallium arsenide point-contact and the silicon

junction varactor. As of this writing, the gallium arsenide junction diode

has shown no superiority over silicon, although it may yet well do so,

and the selection was just between the aforementioned two.

The. gallium arsenide point-contact diode has, to date, shown the

highest achieved Q in practice, but has two mitigating features:

1. Currently available capacities are of order 0.5 /j^f-

2. Its long-term reliability is not yet proven.

Under these circumstances it was deemed more advisable to choose a

silicon junction varactor with a zero bias capacity of 3.5 nni and a cutoff

frequency of 70 kmc in contrast to double that frequency for the gallium

arsenide diode. Measurement of the silicon varactor showed it to possess

a value of Q of 22 at 960 me, which is quite adequate for good perform-

ance.

V. DESCRIPTION OF THE AMPLIFIER

At the time this project was started, no suitable circulator was avail-

able at 960 me. Of necessity, the choice was then that of the lower-side-

band up-converter. However, even if a circulator had been available,

the lower-sideband up-converter would still have been chosen for this

particular application since it provides better stability, less severe com-

pression, and possibly even better over-all noise performance, as dis-

cussed in the previous section.

The main features of the amplifier are as follows:

Input, frequency, f, : 961 mc,

Output (idler) frequency, /, : 10.739 kmc (see Appendix C),

Pump frequency, /„ : 11.7 kmc,

Pump power supply: TJ klystron (WE 455A) with

AFC unit,

Bias voltage: volt

?£ • « 0.8
Rs

'

R, •>•>
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Varactor diode: silicon p-n junction diode in

standard coaxial cartridge

U «70 kinc,

Co : ~3.5 nni,

Estimated noise figure, F: 1.19 = 0.75 db (amplifier alone).

The reason for operating the diode at zero bias was to simplify the

amplifier cavity structure through the absence of choking section, there-

by improving stability. By doing this, a small sacrifice was made in the

noise figure, since the dynamic; finality factor decreases about 20 per

cent, from Q = 22 to Q = 17, but the specifications were still met with-

out any difficulty. The output circuit was designed to be near critical

coupling under the no-pump condition. This coupling condition was

also selected to improve, the stability of the amplifier and the effects of

compression.

One potential difficulty in employing a lower-sideband up-converter is

the output frequency modulation due to fluctuation in the pump fre-

quency. A slow frequency shift can, of course, be corrected by an AFC
system. However, fluctuations which are fast and small cannot be cor-

rected satisfactorily. This difficulty is solved by pumping the up-con-

verter of the local frequency generator with the same pump supply as is

used for the amplifier. The local oscillator consists of a lower-sideband

up-converter and a 931-mc crystal-controlled modulator. The fluctuation

of the 30-mc intermediate frequency is, therefore, exactly the same as

that of the crystal oscillator.

A block diagram and photograph of the amplifier arc shown in figs.

3 and 4.

VI. CIRCUIT DESIGN

The first -order model of the parametric amplifier is well understood

and accounts for the major portion of design. The parameters of this

model may be found conveniently from a systematic static or "cold

test" procedure,3 which defines the central operating point and the pump
swing. It determines a tuning and impedance-level loading procedure

by identifying a static susceptance together with the first -order imaging

effects produced by the pumping coupling of signal and image circuits.

The first-order theory oversimplifies somewhat and assumes a sinus-

oidal pump voltage swing of the diode, and also does not adequately

account for the curvature of the charge voltage characteristic of the

depletion layer. This latter effect greatly accentuates the charge drawn
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ISOLATOR

PRE-
AMPLIFIER
/ 30 MC

FROM 961 MC ANTENNA

CIRCULATOR

DOUBLE -STUB TUNER

LOW- PASS FILTER

TUNER

BANDPASS
FILTER FOR

11.7 KMC
PARAMETRIC
AMPLIFIER

BANDPASS
FILTER FOR
10.769 KMC

BANDPASS
FILTER FOR
11.7 KMC

FREQUENCY
METER

o
SOLATOR

I TO IF

I AMPLIFIER

FREQUENCY
CONVERTER

LOW-PASS FILTER

t± TRANSFORMER

FROM 931 MC
OSCILLATOR

0
TJ

KLYSTRON
44SA

AFC

Fig. 3 — Block diagram of the 9(51-me amplifier.

on the positive portions of the pump swing and increases the capacitive

susceptance in viewing the system from either the signal or image port.

The actual pump swing is denned in an equilibrium process of the pump,

together with its complex network as a source, exciting the diode as a

nonlinear element. Taking all things into account, the final tuning is

completed by a dynamic or "hot" procedure.

The hot tuning may be accomplished adequately by a small bias in-

crease to offset the effects of the pump excursion, and by a tuning touchup

in the image circuit. This eliminates the need for variable tuning ele-

ments in the signal circuit where the effects of noise are major.
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PUMP POWER
SUPPLY -

PARAMETRIC
AMPLIFIER

PREAMPLIFIER

MIXER

V
FREQUENCY
CONVERTER

(LOCAL OSCILLATOR)

Fig. 4 — Photograph of the 901 -mc amplifier.

The tuning procedure for minimum noise becomes increasingly diffi-

cult with high-Q elements, in that the spreading resistance of the diode is

small and defies precise determination. Since the spreading resistance is

the key to the impedance levels at signal and image frequencies, and

since the effects of tuning losses become preponderant, the cold test

procedure defers increasingly to the hot test with increasing Q. The

demands on Q, however, are modest for most applications which do not

demand ultimate noise performance, and the cold test procedure pro-

duces a good first design.

Tuning elements generally take the form of quarter-wave transformers,

capacitive disks, and stubs. Final touchup is done by adjustable stub

tuners in initial development. Figs. 3 and 4 show the early circuit for

the Echo radar and still indicate the use of double stub tuners, but these

were replaced by fixed elements in the final development.

The isolator is a most important unit in a stable parametric amplifier.

It is desirable that the parametric amplifier system possess a large re-

turn loss. Since this number is typically 20 db, and since there is a re-

turn gain of the order of 13 db produced by regeneration, the isolator

must possess a reverse loss of greater than 32 db, together with a mini-

mal forward loss. The isolator must be stable to environmental cycling
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so that its characteristics remain fixed. Small changes in the isolator

are considerably amplified by the negative characteristics of the ampli-

fier, and major consideration must be given both to mechanical and

electrical stabilization.

VII. AMPLIFIER PERFORMANCE

The amplifier was designed as described in the previous sections. The

general performance was satisfactory and closely approximated the de-

sign. The best measured over-all noise figure, including isolator, mixer,

and IF amplifier, was 1.52 db with 22 db of gain and 20 mc of bandwidth;

over-all noise figures of less than 1.6 db were obtainable without any

difficulty. The noise figure of the amplifier portion itself was 1.33 db, of

which 0.30 db was due to the insertion loss of the isolator, providing an

inherent value of 1.03 db. This result is about 0.3 db above the theoretical

value predicted for the diode, and suggests that the excess noise is proba-

bly caused by the tuner and the diode mount, and could be further re-

duced by careful engineering.

The stability of the amplifier was excellent. The gain varied by less

than ±1 db when the input impedance was varied from open-circuit to

short-circuit. Under constant-temperature conditions, fluctuations in

gain were mainly due to fluctuation in both pump frequency and pump

power. The frequency problem was solved by using the electromechanical

AFC, which was originally designed for the TJ radio relay system,4 while

the TJ klystron itself was already designed for extreme power stability.

The electromechanical feature of the AFC tunes the klystron cavity

without changing the output power, so that the combination of AFC sys-

tem and TJ klystron greatly improves the stability of the amplifier.

VIII. TEMPERATURE DEPENDENCE OF AMPLIFIER GAIN

Experiment yielded relatively large irreversible temperature sensitivity

in the initially constructed amplifier. This difficulty was ultimately

traced to a resonance isolator at the amplifier input. It was found that

the temperature variation

(a) varied the ferrite magnetization, shifting the resonant frequency

slightly, and

(b) created a minor hysteresis loop in the magnetic structure, not

returning the isolator to its initial state.

A circulator* was found to be somewhat less critically affected by

temperature since, by its essential construction, it is not constrained to

operate in the region of a narrow line width.

* Raytheon circulator CLL 8.
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SO 60 70 80 90 100 110

AMPLIFIER TEMPERATURE IN DEGREES FAHRENHEIT

Fig. 5 — Amplifier gain vs. amplifier temperature.

Since the environmental variations seemed much beyond passive com-

pensation, it was decided to thermostat the entire amplifier system at

110 ± 5°F and the circulator at 120 ± 2°F. The system incorporating

this thermostating has demonstrated constant performance over a tem-

perature range of 80°F.

Aside from the temperature sensitivity of the circulator, it was of in-

terest to measure the temperature sensitivity of the amplifier section

itself. Fig. 5 shows a 2-db variation at 20-db gain for ambient tempera-

tures varying between 50 and 1 10°F. There is little sensitivity to be as-

cribed to the diode itself, and it must be presumed that this variation

is due to expansion of circuit elements in critically tuned regions of the

amplifiers.

Fig. (> shows the noise figure of the amplifier section to be an exceed-

ingly insensitive function of temperature over the range examined. In

the measurements there was an initially deceptive appearance that the

J l.b
IU
m
o
Q
2

gl.0
D <

O

IU
m
°o.s 1

1
1

50 60 70 80 90 100 HO
AMPLIFIER TEMPERATURE IN DEGREES FAHRENHEIT

Fig. 6 — Noise figures vs. amplifier temperature.
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noise figure increased much more rapidly than that in Fig. 6. This was

shown, however, to be caused by the increased noise emission at higher

temperature of the standard attenuators employed in conjunction with

the measurements.

From the point of view of consistency, with the circulator thermostat-

ting, the use of a 1 10°F ambient temperature for the amplifier to main-

tain gain stability provided no substantial noise-figure deterioration of

the amplifier system.

IX. GAIN COMPRESSION

The Echo radar system was inherently complicated by the proximity

of the 960-mc transmitter, just one megacycle away from the 9(31-mc

radar frequency, which hit the amplifier at a level of —26 dbm. Engineer-

ing the amplifier to avoid compression was a major design requirement

in the construction of the Echo radar system.

Compression occurs in a parametric amplifier system for any or all of

the following reasons:

1. The circuit is detuned by the shift of the average capacity of the

diode produced by the large signal swing;

2. Current is drawn on the positive swing in the forward direction

and avalanche current exists on the negative swing;

3. The higher mixing products become significant compared to those

of the small signal theory.

The source of compression is generally to be identified with the image

circuit for two reasons:

1. The diode swing at image frequency exceeds that of the signal by

virtue of the frequency ratio gain;

2. Minimum-noise operation implies high-(? image operation, where

regeneration almost completely cancels cavity losses. This implies high-

energy storage in the diode, with consequent large diode swing.

Compression may be mitigated at some slight expense to noise by in-

creasing the image-circuit loading and consequently decreasing the.

image-cavity Q. The dynamic; range may be further increased by reduc-

ing gain.

Naturally, there are limits, to which gain may be decreased or image

loading increased, provided by the ultimately tolerable degradation of

system noise figure. Employing the above considerations, the final am-

plifier design furnished a 22-db small-signal gain amplifier having a 1-db

compression at an input of —26 dbm.

Another consideration in the presence of a high-level signal is the

possibility of its inducing parasitic oscillations in the amplifier system.
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Such parasitica were indeed noted and their presence was marked by
very early onsets of compression. For want of any meaningful theory,

these effects were eliminated empirically by small shifts of adjustment,

which were apparently entirely successful in accomplishing this pur-

pose.

X. LONG-TIME STABILITY

The gain of the amplifier was monitored over a period of 24 hours. A
part of such a trace is shown in Fig. 7. The horizontal scale indicates

time; the vertical scale gain. One vertical section corresponds to 0.5 db

of gain variation. The gain shift over 2-4 hours was not more than ±0.5
db out of 22 db. It is believed that these small fluctuations were caused

primarily by power-line variation which affected an insufficiently regu-

lated pump regulator supply used in the test.

XI. CONCLUSION

The design considerations and performance of the 961-mc lower-side-

band up-converter have been discussed, and it has been emphasized that

careful design and good engineering are necessary to obtain a stable low

noise amplifier. An over-all system noise figure of less than 1.6 db has

been obtained with a center-band gain of 22 db and a bandwidth of 20

mc. The amplifier is very stable, and the gain varies by less than ±1 db

as the input impedance is varied from open-circuit to short-circuit. With
an input power of —26 dbm, the gain was 1 db less than the small signal

gain of 22 db.
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APPENDIX A

Normalized Generator Impedance for Given Gain and Diode

The gain Gu of the reflection-type amplifier is given by the square of

the voltage reflection coefficient5 at the signal port, and is equal to

Gu =

Zu*

Rs

- 1 +
QA 2

1+f
1 + Zu

Ra

QlQi
2

7„„*

(1)

and the gain Gu* of the lower-sideband up-converter2
is

^Ro'Rl n,

G21
' =

, -u **L /y 2

l +
7

Rs
1 +

Rs
- QiQi

[2)

Here Zu and Zo2 arc the input circuit impedance and the idler circuit

impedance, respectively, including the static capacitance of the diode;

R„ , R L , and Rs are the generator resistance, idler load resistance, and

series resistance of the diode, respectively. At the center frequency, (1)

and (2) can be simplified and become

Gu = [ffi-
1

)(
1+ E) + 4*I

R»

h's
1 + Rl

Rs
- Q1Q2

(3)

and

Gu' = P
/t.s- /t.s OJi

«' ('+»-•*;
(4)

* The notation associated with a lower-sideband up-converter will always be
primed to indicate that the scattering properties of the network are not taken
simultaneously with those of the reflection type, whose quantities will be left

unprimed.
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where a>i and co2 are the angular frequencies of the input and idler re-

spectively, and the circuit losses are assumed to be negligible. Fluctua-

tion in pump power alters Qi and Q2 , and, if the gain is reasonably high,

fluctuation in Q XQ2 is equivalent to fluctuation in the circuit impedances

Rg and RL . At the same time, any fluctuation in the pump frequency

adds reactive components to the circuit impedances. If the bandwidth of

the amplifier is reasonably broad, small fluctuation in the pump fre-

quency does not affect the gain of the amplifier significantly. The gain-

bandwidth product is a simple measure of the stability of the amplifier

to fluctuation in the pump frequency.

The most relevant measure of the stability of a parametric amplifier

is the sensitivity of its gain to fluctuations in the resistance of the cir-

cuits. We shall now examine a measure of this sensitivity with the ampli-

fier gain set at 20 db, a value close to that used in practice. The value of

Rs/R is no longer coincident for both amplifier types. The major gain

instability due to an impedance variation is caused by the denominators

of (3) and (4), which are proportional to the regenerative gains of the

amplifiers. To compare relative stability, therefore, it is much easier to

compare the gain Gn of the reflection-type amplifier with the regenerative

part Gn' (or input circuit gain) of the lower-sideband up-converter, whose

total gain G2 \ is equal to Gn If Gn ' is lower than Gn ,
the lower-side-

band up-converter is the more stable, and vice versa. The values of

RJRa which provide gains Gn and G2/ for a given Qi and Q2 are calcu-

lated from the following equations:

R
lis

+

1

Gn - 1
+

(5)

Gn - 1

for the reflection-type amplifier, and

QiQ*

Rs

2 %-*'
+

i + 5l
Ra

- l

(6)

+
'£«"

.(•»•
+

1 + Rl
-^ Rs

- 1
Q&

i +
R
R>

7 - 1
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for the lower-sideband up-converter. The values of R /Rs which provide

20-db gain for given values of Qi and Q2 are plotted as a function of

Rl/Rs in Fig. 8. The dashed lines are those for the reflection-type am-

plifier and the solid lines are for the lower-sideband up-converter. Sub-

stituting the appropriate value of R„/Rs for the lower-sideband up-con-

verter into (4), one finds On'. The results are plotted in Fig. 2.

The load coupling factor for which Gn exceeds 621' is determined by

the condition

[SHO + ftVHf = 4
flg Rl

Rs Rs
7)

to
\ \
\ \ ^—

—
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Rs

Fig. 8 — Normalized generator impedance R /Rs needed to obtain the gain of

20 db vs. normalized idler load impedance Rl/Rs • The curves for the lower-side-

band up-converter are shown by solid lines; those for the reflection-type amplifier

are shown by dashed lines.
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A high-gain approximation leads to the simpler equation

/. Rl\& Rl (Rj_ . A «
\ ^ RsJ Rs

" Rs \Rs
T

/«!'

from which RL'/Ra is found to be

OJ 2 (-1) W

OJl

«2 — COi

if !'»'

(8)

(9)

APPENDIX B

Noise Figure at Arbitrary Gain for Reflection-Type Amplifier and Lower-

Sideband Up-Converter

The noise output of the reflection-type amplifier is

iVout = Nu + Nu, (10)

where Nn is the noise output due to the noise sources in the signal cir-

cuit and Nn is the noise output due to those in the idler frequency cir-

cuit. The noise Nn contains two sources: one is the noise generated within

the amplifier2

N =
iKTB

R̂s

(R„ A gift

\Rs
+

) . . Rl
* Rs

(ID

and the other is the input noise that is amplified

N = KT BGn .

The noise Nu is given by2

Q1Q2

(12)

4 KT B f-
ff

Nl2 =
'(S+0

'(R, A _ gift

\Rs
+ V ! . «£

(13)
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From (10) through (13), the noise figure of the reflection-type amplifier

is found to be

/'' = Nu + N12

KT BGn

= 1 +
4 ?«
Rs

, Rg «l Q1Q2

Rsuz,
,
RL

1 +

(Ro

\Rs
-1 + Q1Q2

=a +
R,

1 +
Raj

(R1 _ A , QA
\Rs / j + 1

14)

(-i)= 1+1-7^-

1
I

"I g*gg

1 + ^
- 1

Similarly, for the lower-sideband up-converter, the noise output is

ATout = N2l + N22

4 ktb(* + l)| QiQi

a +i )'

(15)

4 k:t -B

+

(I-)
L - -,. + KT BGn,
QiQ

l +i

where G22 is the reflection power gain of the idler circuit:

'a -
rfl*_ A ,

QA n

Cf22 — .=
Rt

+ 1

'(£-)
A.

(16)
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Therefore, the noise figure of the lower-sideband up-converter is

+F = 1 + ^M l +1

R Ru

R
QiQ-i

a "i

ffi + tf

B ^ "2 QlQ2

_, + £ + =.(* '+1 + *
/is wa \wi (.f21

'

'

-0+8(1+
S)

+ £-

:)

(i-y (17)

APPENDIX C

Optimum Idler Frequency for Arbitrary Idler Load

For high-gain and minimum-noise operation, the ratio of signal fre-

quency to idler frequency is given by Equation (31) of Ref. 2. However,

when R r. is not zero, the optimum idler frequency is different from that

obtained using this equation, and it is instead determined by finding the

value of a-2 which minimizes the noise figure given by the following equa-

tion :

o,< 2 &&F = r
Ra Rt (18)

=(-£)(i+sK-
Using the high-gain approximation of (6) for RJRs as a function of

frequency, we find

U)l\ . .
i

F = 1 +
(V -

W1

U>2

1 + ^+
RsJ

Equation (19) leads readily to the result that

1 +
(j21

(19)

0)2

W]

a2

(
1 + l)(-

(20)
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The error in approximating the value of Rg/Rs at high gain is usually

small, and provides negligible error in determining noise figure. Substitut-

ing the parameters given in Section V, (RL/RS = 0.8, Qi = 17), one

finds that to./coi = 1 1.7. The optimum idler frequency is thus about 11.3

kmc. From this idler frequency the pump frequency is determined to be

12.2G1 kmc. Since the optimum frequency result leads to broad noise

figure minima, it was decided to forego the exact pump frequency calcu-

lated in favor of one within the band of the Western Electric 445A klys-

tron. This klystron, which has been designed for the TJ system, has a

notably stable and long life. It was operated as a pump at the top of its

range, at 11.7 kmc, producing an idler frequency of 10.739 kmc.
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